analysed with VICON Nexus (1.7.1). The cadence of 16 repetitions per minute was 1 selected based on similar cadences sustained during either training or competition. 2
Participants 3
Four elite kettlebell sport athletes (originating in Russia or Kyrgyzstan), who had all won 4 at least one world championship in biathlon (jerk and snatch) and/or held past or current 5 world records in the snatch, were recruited. In their most recent competition, which 6 occurred within 12 months of data collection, all lifters performed between 80-100% of 7 the current world record number of lifts with a 32kg kettlebell for their respective weight 8 categories. All participants held the rank of 'Master of Sport International Class' or 9
'Honored Master of Sport', (as issued by the Ministry of Sports of Russia, or the USSR 10
State Committee for Physical Culture and Sport). The four participants had the following 11 characteristics: age = 29-47 yr, body mass = 68.3-108.1 kg, and height = 1.72-1.89 m. 12
This study was approved by the Institutional Review Board. Informed consent was 13
given, in the presence of a translator if required. 14
Procedures 15
Six VICON infrared cameras were placed around a weightlifting platform in a position to 16 capture three dimensional motion of the kettlebell during the snatch. The infrared 17 cameras captured the movement of reflective markers placed on the kettlebell. The 18 system was calibrated dynamically by waving an L-wand with five reflective markers in 19 the area that the kettlebell would pass through, in accordance to the manufacturer's 20
instructions. This was repeated until all cameras had an RMS error under 0.2% [17] . 21 The point of origin was then set in the middle of the platform, to calibrate the cameras 22 positions. A professional-grade kettlebell (Iron Edge, Australia), with a mass of 32.1 kg 1 was used as its dimensions are the standard requirement for kettlebell sport. Two 2 markers (14 mm x 12.5 mm in diameter) were placed on the kettlebell at the base of 3 each handle to avoid contact with the athlete and to ensure consistent position. 4
Participants were required to perform a warm-up they would typically perform prior to 5 performing the kettlebell snatch. Chalk, sand paper and a spray bottle were provided to 6 ensure that the handle was prepared to their individual lifting requirements. After the 7 marker set had been placed, each lifter stood on a platform and performed one set of 8 snatches for 16 repetitions over 1 minute with their self-selected hand. This pace was 9 selected as it was the competition pace for one or more of the athletes, was attainable 10 by novice and intermediate athletes (albeit with lighter loads), and commonly performed 11 in training and competition. An analogue clock was placed in view to allow consistent 12
pace. 13
Kettlebell trajectory was subsequently determined by attaining the midpoint of the two 14 markers. After each trial had been performed the markers were manually labelled using 15 VICON Nexus software. A frame-by-frame review of each trial was undertaken to 16 ensure there was minimal error caused by unlabelled markers. After this review took 17 place a Woltering spline filter was applied to fill any gaps (less than 20 frames) in the 18 trajectories [18] . These gaps in the trajectories were calculated by the markers past 19 trajectory, velocity and acceleration. 20
Time displacement data was used to determine the trajectory and velocity in three 21 dimensions of motion. For ease of interpretation resultant velocity was used. Four 22 points of each repetition of the kettlebell trajectory were analysed: 1) fixation; 2)midpoint of the downwards phase; 3) end of the back swing; and 4) midpoint of the 1 upwards phase (see Figure 2) . 2 3 These four points were identified the moment the kettlebells trajectory changed from an 4 anterior to posterior direction, or vice versa. The mean position from all 15 repetitions at 5 these four points was the goal position. These four points were used as a reference to 6 determine the error in one and two dimensions. The absolute error (AE, including 7 vertical error, anterior-posterior error and medio-lateral error) illustrated the distance in 8 metres from the goal in one dimension [19] . The radial error (RE, including sagittal 9 plane error and frontal plane error) signified the distance in metres from the goal in two 10 dimensions [19] . The RE was calculated by using the following formula: 11 The anterior-posterior (AP), medio-lateral (ML) and vertical displacements were 15 calculated from the end of the back swing to the midpoint of the trajectory for AP and 16 ML, and to fixation for the vertical displacement range. Comparisons in the lifters' 17 trajectories were also made using an anterior-posterior to vertical ratio (APV), and 18 medio-lateral to vertical (MLV) ratio. The end of the back swing to fixation mean 19 displacement range was used to determine the vertical portions of the ratios. 20
Statistical Analyses
Data has been presented as means and standard deviations unless stated otherwise. 1 Descriptive statistics were used to determine the amount of kettlebell AP, ML motion 2 and variation for each lifter. Effect size (ES) and paired t-tests with two tails were used 3 to compare the midpoint of the upwards and downwards phases for each repetition. The 4 magnitude of the effect was considered trivial ES <0.2, small ES 0.2-0.6, moderate 0.6-5 1.2, large ES 1.2-2.0, very large ES 2.0-4.0 and extremely large ES > 4.0 [20] . The AE 6 and RE for repetitions 2-16 were calculated. The first repetition was ignored because it 7 started from the ground and not in fixation. The variation was determined at the same 8 four points, listed above. AE was calculated in AP, ML and vertical planes of motion. RE 9 was calculated in the sagittal and frontal planes. 10
11

RESULTS
12
Trajectory 13
In the sagittal plane, the trajectory of the kettlebell snatch followed a C-path for all 14 participants through the upwards and downwards phases (Figure 3 ). Table 1 illustrates the kettlebell displacement ranges and ratios. The APV and MLV 3 ratios indicate that the C-path followed a larger radius during the upwards than 4 downwards phase for all participants. Participants B, C, and D had a relatively smaller 5 MLV ratio ranging from 0.05-0.13 for both phases compared to participant A, who had a 6 relatively larger MLV ratio of 0.31 ± 0.01 and 0.26 ± 0.02 for the upwards and 7 downwards phases, respectively. 8 Table 1 about here  9   10   Table 2 shows the AP, ML and vertical displacement ranges between the upwards and 11 downwards phases. The downwards phase represents the smallest arc, compared to 12 the upwards phase. The range between the upwards and downwards phases was 13 largest in the AP, compared to the ML differences in all lifters. 14 15 Participants' peak kettlebell resultant velocity ranged from moderate to extremely large 19 ES difference, whereby the upwards phase was faster than the downwards phase for alllifters, except lifter A (see Table 3 ). Figure 5 shows the typical velocity of the kettlebell 1 as it moved from the downwards phase to the upwards phase. The two peaks in velocity 2 occurred approximately in the re-gripping phase and during the acceleration pull. The 3 two noted times in which velocity reached zero were at fixation, and momentarily 4 between the back and forwards swing. Table 3 shows AE, RE and displacement range for the three dimensions for each 12 participant. The AE and the RE indicate that the kettlebell trajectory was highly 13 consistent at each of the four points for all four participants. 14 15 
Movement Variability 11
DISCUSSION
Three dimensional motion analysis was used in this study to document kettlebell snatch 1 kinematics performed by elite kettlebell athletes. The main findings were that despite 2 some differences between the four athletes, significant commonalities emerged: 1) 3 there was a 'C' shape trajectory during the downwards and upwards phases of the 4 snatch; 2) the 'C' shape followed a narrower trajectory during the downwards phase; 5 and 3) the resultant velocity time graph resembled an 'M' shape. 6
One marked similarity was the narrow 'C' shape trajectory on the way down and a wider 7 'C' shape on the way up. The smaller radius on the way down may be due to several 8 reasons. During the initiation of the downwards phase it was noticed that all athletes 9 moved their bodies away from the kettlebell. This allowed for the kettlebell to fall as 10 closely as possible to the base of support. Following the initial counter movement the 11 athlete flexes and supinates the elbow [1, 11] . The supination of the elbow may help to 12 reduce the movement of the kettlebell through the AP plane and minimise grip stress 13 (and subsequent fatigue) during the transition into the re-gripping phase. The flexion of 14 the elbow may also minimise the AP movement of the kettlebell, thereby again placing 15 the kettlebell as close to the base of support as possible. The large radius from the 16 forwards swing to the start of the acceleration pull may help to minimise the centripetal 17 force acting on the grip. Following the acceleration pull, the hand insertion phase guides 18 the kettlebell onto the back of the wrist. The grip must relax during this phase to help 19 facilitate a smooth transition into fixation. Reducing the stress on the grip may help to 20 prolong performance as anecdotally grip endurance is considered the weakest link in 21 elite GS athletes. Paying particular attention to the hand insertion will also help to 22 reduce the potential for the kettlebell to have heavy contact upon the forearm, and 23 therefore reduce the risk of musculoskeletal injury to the distal forearm. Strength and 1 conditioning coaches need to be aware of this before their athletes progress the 2 kettlebell snatch. 3
Movement was remarkably consistent for all athletes in the frontal and sagittal planes. 4
This is most likely to minimise energy expenditure and therefore fatigue over the ten 5 minute event. The most consistent of the four points was the fixation phase which had a 6 RE range of 0.008 ± 0.006 m and 0.023 ± 0.016 m, in both sagittal and frontal planes. 7
This would suggest that a consistent fixation phase is of the upmost importance. Low 8 endpoint variability is most useful to ensure that the mass of the kettlebell is over the 9 shoulder in all three planes. If this was not the case, greater energy and time would be 10 used fixating or locking out the kettlebell overhead. Within the limitations of the research 11 it can be concluded that elite kettlebell sport athletes maintain a consistent trajectory, 12 particularly at some of the key positions of the movement. Maintaining consistent 13 fixation may be key in increasing the reproducibility of the trajectory as it marks the start 14 and finish of the lift. The trajectory of the kettlebell for athletes A and C followed a 15 similar path during both the downwards and upwards phases in the sagittal plane, whilst 16 the vertical midpoints were at a relatively similar level for lifters A and C (0.022 ± 0.015 17 m and 0.034 ± 0.020 m trajectory difference, respectively). In contrast, the trajectory for 18 athletes B and D were visibly separated and the vertical midpoint of the 'C' shape 19 occurred in different vertical positions in the upwards and downwards phases (0.062 ± 20 0.030 m and 0.094 ± 0.028 m, respectively) ( Figure 3 ). These differences in trajectory 21 could be explained by: 1) greater trunk rotation in the acceleration pull phase; 2) the 22 degree of plantar flexion in the upwards or downwards phase; 3) a larger shiftbackwards during the downwards phase; 4) the position of the upper extremity; and 5) 1 possibly anthropometrical differences. Unfortunately, the present study only assessed 2 the motion of the kettlebell, however, future studies may be useful to better describe the 3 relationship between the kettlebell and lifters kinematics. Potentially, technique may 4 differ over the course of the ten minutes due to fatigue or changes in cadence, however, 5 these differences were beyond the scope of the present study. 6 7 Based on the kettlebell kinematics, it appears that different strategies were used to 8 prolong performance in the different lifters. Lifter A displayed the largest MLV range in 9 the upwards and downwards phases, which may produce fatigue in the contralateral 10 musculature to a greater extent. In novice athletes, the mean activation of the lower 11 erector spinae performing the kettlebell snatch with a sagittal plane trajectory was 54.2 12 ± 18.3 and 61.3 ± 16.3 % MVC for the ipsilateral and contralateral sides, respectively 13
[12]. Lifter A may increase the demands of the contralateral musculature further by 14 increasing the ML moment arm (which is reflected in his MLV ratio). This may increase 15 the requirements of the torso to resist or control lateral flexion to a greater extent, in an 16 effort to offset fatigue for the last five minutes. In doing so, they may possibly spare the 17 ipsilateral side for subsequent effort following the hand switch as it will become the 18 contralateral side at the five minute mark. Thus, having a larger MLV ratio trajectory 19 may be a strategy to help spread the loading across different muscle groups during the 20 left and right hand efforts. This strategy may be particularly useful during biathlon, as 21 athletes must perform the jerk, which predominantly takes place in the sagittal plane 22 one or two hours prior to the snatch, and may still be experiencing fatigue from thiseffort [3, 4] . Lifters B, C and D had much smaller MLV ratios compared to lifter A. The 1 dominant AP trajectory in lifters B, C and D suggests that their strategy requires 2 relatively symmetrical loading, resulting in less effort by a single muscle group, thus 3 prolonging performance. A sagittal plane dominant trajectory similar to lifters B, C and D 4 may offer strength and conditioning coaches a technique with the greatest ease of 5 application. Conversely, lifter A's style may be useful in a GS setting, however it would 6 require a coach to monitor both sagittal and frontal planes of motion, with respect to the 7 kettlebell trajectory. 8
As previously stated, upward phase horizontal displacement of the kettlebell was 9 greater than the downward phase equivalent for all lifters, perhaps to reduce the 10 centripetal load on the fingers. Increasing kettlebell velocity may further increase the 11 centripetal stress on the fingers. Two peaks in velocity between the upwards and 12 downwards phases were observed across all lifters. The first peak occurred 13 approximately in the re-gripping phase, and the second generally in the acceleration pull 14 phase. Lifters B, C and D had slower peak velocities in the downwards phase, whereas 15 lifter A's peak velocity was greatest during the downwards phase. Reducing the velocity 16 on the downwards phase could help to reduce stress placed on the finger flexors, 17 however it could also increase the time needed to perform each repetition, which may 18 be counter-productive to the objective of the sport which is to perform as many 19 repetitions as possible in 10 minutes. Strength and conditioning coaches should be 20 aware that in addition to the obvious effect of altering the kettlebell mass, different 21 cadences and/or anthropometric factors may result in different kettlebell velocities. 22
Therefore, an increase in cadence may result in greater velocity in the downwards 23 phase and a faster eccentric phase. This increase in repetition velocity may result in 1 greater grip and systemic fatigue, which may only be sustainable over shorter time 2
periods. 3
Conclusion 4
The kettlebell snatch trajectory of elite GS athletes follows a 'C' shaped path. There 5 were two differently shaped 'C' trajectories, one with a smaller radius on the downwards 6 phase, and the other a larger during the upwards phase. Kettlebell displacement 7 occurred predominantly in the sagittal plane, although varying and relatively smaller 8 amounts of horizontal displacement were recorded in the frontal plane. Within the 9 upwards and downwards phases, low movement variability appears an important factor, 10 particularly in the overhead fixation position. With the kettlebells potential large degrees 11 of freedom, individual athlete style may affect their trajectories. 12
Additionally, there were two peaks in velocity which occurred in the upwards and 13 downwards phases. This technique easily facilitates multiple repetitions due to its 14 cyclical upwards and downwards phases. This research has shown that the kettlebell 15 snatch can be performed with consistent kettlebell trajectories and velocities for 15 16 repetitions by elite GS athletes in a relatively unfatigued state. 17
Practical application 18
The kettlebell snatch may be a useful option as an alternative to high repetitions of the 19 barbell snatch, as it can be performed consistently. This may be particularly useful for 20 strength and conditioning coaches, wishing to program an explosive total body 21 movement such as the snatch for higher repetitions. Additionally, the unilateral and 22 swinging nature of the kettlebell may provide a unique stimulus. Programming a snatch 1 for higher repetitions may increase the metabolic and grip demands [5] . These 2 components may also be important factors in sports that require a combination of 3 strength and endurance qualities. Grip strength is an important component of Judo 4 competition [21] . Grappling sports such as Judo, freestyle and Greco-Roman wrestling 5 typically involve tournament formats and a progressive increase in fatigue and grip 6 strength loss occurs with each bout during these tournaments [22] [23] [24] [25] . The kettlebell 7 snatch may have potential application in these sports, as it may promote increased 8 levels of local muscular endurance. In contrast, the barbell snatch has been well 9 researched and is an effective stimulus for power adaptations [15] . Its trajectory follows 10 an 'S' shape which is predominantly vertical, allowing for positions which maximise 11 power output. Therefore, the barbell snatch would be most appropriately programmed 12 for lower repetitions, in contrast to the kettlebell snatch, which may be better suited to 13 higher repetitions. The kettlebell snatch has a cyclical component, as it contains an 14 upwards and downwards phase. Following a 'C' trajectory will help to prolong 15 performance and in turn training volume, which may allow for greater training outcomes. 16
Problems may arise if a lifter attempted to apply an 'S' trajectory to the kettlebell, which 17 may not be appropriate or attainable, and may cause the hand insertion and fixation 18 phases to occur too closely together (when the arm is vertical). This may lead to greater 19 impact upon the forearm, thus increasing the risk of injury. Evidently, kettlebell snatch 20 technique should not be taught in the same manner as the barbell snatch. 21
22
Limitations 23
The small sample size recruited is the major limitation within this research, however the 1 athletes involved are all elite within GS, making them of particular interest. Due to time 2 constraints and international travel stress, the lifters were unable to perform 10 minute 3 sets at a competition pace for this study. This would have offered an insight into their 4 trajectories in a fatigued state. A total of 16 repetitions were studied over one minute. 5
The number of repetitions performed was at competition pace for the two lighter lifters. 6
However, this was below competition pace for the two heavier lifters. 7 8
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